Peng YL, Tenan MS, Griffin L. Hip position and sex differences in motor unit firing patterns of the vastus medialis and vastus medialis oblique in healthy individuals. J Appl Physiol 124: 1438 -1446 , 2018 . First published February 8, 2018 doi:10.1152/japplphysiol.00702. 2017.-Weakness of the vastus medialis oblique (VMO) has been proposed to explain the high prevalence of knee pain in female subjects. Clinicians commonly use exercises in an attempt to preferentially activate the VMO. Recently, our group found evidence to support clinical theory that the VMO is neurologically distinct from the vastus medialis (VM). However, the ability to voluntarily activate these muscle subsections is still disputed. The aim of this study was to determine if VM and VMO activation varies between sexes and if control of the two muscles is different between rehabilitation exercises. Thirteen men and 13 women performed isometric straight leg raises in two hip positions, neutral hip rotation and 30 degrees lateral hip rotation. Bipolar intramuscular fine-wire electrodes were inserted into the VM and VMO to obtain motor unit recruitment thresholds and initial firing rates at recruitment. Linear mixed models and Tukey post hoc tests were used to assess significant differences in 654 motor units. Women demonstrated faster motor unit firing rate at recruitment, 1.18 Ϯ 0.56 Hz higher than men. Motor units fired 0.47 Ϯ 0.19 Hz faster during neutral hip rotation compared with lateral hip rotation. The VMO motor units were recruited 2.92 Ϯ 1.28% earlier than the VM. All motor units were recruited 3.74 Ϯ 1.27% earlier during neutral hip rotation than lateral hip rotation. Thus the VM and the VMO can be activated differentially, and their motor unit recruitment properties are affected by sex and hip position.
INTRODUCTION
There is a long-held belief among physical medicine clinicians that the vastus medialis oblique (VMO) and vastus medialis (VM) are anatomically and neurologically distinct (11, 46) . Although early surface electromyography (EMG) research disputed this clinical ideology (39, 44) , our research group recently demonstrated differential discharge patterns between the VM and VMO (48, 50) . Furthermore, Gallina et al. (18) demonstrated regional muscle activation induced by electrical stimulation in the vastus medialis complex. They found that the proximal portion of the VM could be activated separately from the distal portion in an isometric knee extension task and that the distribution of the localized activation was influenced by knee flexion angle (18) . Anatomical studies on human cadavers report that the VMO is innervated by a larger number of terminal nerve branches originating from L1-L3 per area than the VM (23, 51) . These findings support the notion that the VM and VMO can be controlled independently.
Anatomical evidence also suggests that there is a functional difference between the VM and VMO based upon dissimilar muscle fiber pennation angles (14) . The VMO runs oblique to the medial side of the patella and assists with medial patellar translation, whereas the VM runs more longitudinally and contributes to knee extension (3) . An advanced and adequate medial force generated by the VMO not only decreases patellofemoral joint load but also reduces the lateral dominant forces from the vastus lateralis (VL) (33) . An imbalance of muscle forces between the medial and lateral sides of the patella, caused by VMO weakness or activation delay, is considered to be a primary contributing factor to patellofemoral pain syndrome (PFPS) (29) .
Female subjects are more likely to experience PFPS and knee injury than male subjects (4, 16, 47) . A plausible explanation may be due to sex differences in the activation patterns of the VMO in relation to the VL (6) . If the VMO is too weak to counteract the excessive force of the VL, pain can result from mal-tracking of the patella (35) . A lower medial to lateral quadriceps activation ratio is evident in healthy female subjects compared with healthy male subjects (32) . However, not all EMG studies support the notion that higher incidence of PFPS in female populations is a result of differential VMO/VL intensity (6, 21) . The discrepancy in the results may be related to the inconsistent surface EMG electrode placements (21) . This is especially true for the electrode location of the VMO, which is sometimes not specified and confused with the VM (32) .
Clinical assessments and rehabilitation protocols commonly assume VMO weakness. Some studies have found that the relative activation amplitude and onset timing of the VMO to the VL can be affected by different exercises (15) , eccentric vs. concentric contractions (21) , tibia rotation (26, 41) , and hip adduction (13, 26) . Conversely, others have not observed differences in the relative activation of the VMO and VL across exercise type (21) , hip rotation (21), or hip adduction (36) . It is possible that much of the research on quadriceps activity to date were confounded by cross talk with the use of surface EMG since the standard surface electrodes lack the ability to reliably detect VMO activity apart from other adjacent muscles due to signal cross talk (8) . The use of fine-wire EMG recording can overcome the problem of cross talk between recordings of muscles in close proximity.
The straight leg raise (SLR) is an exercise commonly prescribed by clinicians to strengthen the quadriceps in general and, in particular, the VMO (45). The SLR is beneficial for people with general knee pain or after knee surgery because it induces minimal compression force on the patellofemoral joint (28, 43) . Some researchers have suggested that simultaneous activation of the hip adductor and quadriceps muscles preferentially recruits the VMO (19, 22) . Since the VMO muscle fibers arise mainly from the adductor magnus tendon (5), concurrent contraction of the hip adductor may provide a stable origin for the VMO and facilitate its neuromuscular activation (19) . Using surface EMG, Sykes and Wong (45) found that the SLR with lateral hip rotation was the most effective position for strengthening the VMO. However, they noted that the higher EMG amplitudes of the VMO during hip lateral rotation could have been due to cross talk from the hip adductors (45) . Conversely, Karst and Jewett (24) found that SLR with lateral hip rotation actually elicited a lower mean VMO/VL EMG ratio compared with standard SLR without hip rotation. During various exercises, such as isometric quadriceps setting exercise, end range knee extension, and squatting, VMO recruitment was not facilitated by concurrent hip lateral rotation or hip adduction, even with increased adductor magnus activation (10, 55) . Thus the ambiguous surface EMG literature suggests a need for more specific intramuscular fine-wire EMG investigations to evaluate vastus medialis complex activity during the SLR.
The purpose of this study is to evaluate muscle activation patterns during the SLR in two hip rotation positions and to determine if one position facilitates preferential motor unit recruitment of the VMO compared with the VM. With methodological control of the female menstrual phase, the study also examines if sex can account for differences in performance of the two muscles.
METHODS
Participants and ethical approval. Thirteen young men (26.1 Ϯ 3.7 yr) and 13 young eumenorrheic women (26.5 Ϯ 4.3 yr) participated in one study visit. The inclusion criteria for both men and women were absence of ongoing hip, knee, or ankle pain, previous leg surgery, immobilization, arthritis to the dominant leg, and neurologic, cardiovascular, or metabolic disorders. In addition, the female participants had regular menstrual cycles for the 3 mo before the experiment. The women participated during their late follicular phase (for example, day 8 to day 14 in a 28-day menstrual cycle), because single motor unit firing rates and recruitment thresholds in women are comparable with those of men during this phase (50) . All participants signed an informed consent form and all experimental procedures were approved by the University of Texas at Austin Institutional Review Board.
Experimental protocol. All data collection procedures were conducted in the Neuromuscular Physiology Laboratory at the University of Texas at Austin. All participants were instructed to avoid strenuous exercise 48 h before the study visit and refrain from consuming caffeine and alcohol for 8 h before testing. Participants were seated in an adjustable chair for fine-wire EMG electrode placement in the dominant leg. Two pairs of bipolar intramuscular insulated stainless steel fine-wire electrodes (0.002 mm, California Fine Wire, Grover Beach, CA) with 3 mm of insulation removed from the tip were inserted into the VMO and VM with thin (25 gauge, 16-mm length), disposable hypodermic needles. Signals obtained from the wires were preamplified and bandpass filtered at 8 Hz-3.12 kHz with a gain of 330 (B&L Engineering, Tustin, CA). All electrodes and needles were fully autoclaved and sterilized before use. The two fine-wire electrodes for the VMO were placed at 4 and 5 cm proximal to the superomedial border of the patella and oriented 55°medially from the femoral axis. The two electrodes for the VM were placed at 11 and 12 cm proximal to the superomedial border of the patella and oriented 15°medially from the femoral axis (40, 52 ). An adhesive pregelled Ag/AgCl surface electrode of 5-mm diameter was placed on the ipsilateral patella as a ground.
After electrode placement, the volunteer was positioned lying supine on a medical examination table with the legs straight. The upper trunk, waist, and nondominant thigh were immobilized with straps and the dominant ankle was affixed to a padded restraint attached to a strain gauge (Entran Sensor & Electronics, Fairfield, NJ) underneath the table. An isometric SLR was performed in two different hip positions: neutral (no rotation) and 30°of lateral hip rotation. The foot was securely positioned between two boards to maintain the required hip rotation and neutral foot position during the contraction. The instruction for the movement was to "lift your leg straight up with your knee fully extended." The participants were guided to perform three, 3-s isometric maximal voluntary contractions (MVCs) with a 1-min rest between contractions to prevent muscle fatigue. MVCs were performed until three equivalent MVC values were obtained. The intraclass correlation coefficient [ICC(3,1)] for the MVCs was 0.99. The average of the three MVCs were used to determine submaximal contraction target levels.
Following the MVCs, the participants practiced a slowly controlled ramp contraction following a line on a computer screen in front of them with a rate of rise of 7.5% MVC/s up to 75% MVC and then a hold at 75% MVC for 5 s. One successful trial ramp with smooth force generation for each hip position was recorded. Thus a total of two ramp contractions were recorded and analyzed for each participant. Intramuscular EMG and force data were recorded in Spike2 (version 5.21, Cambridge Electronic Design, Cambridge, UK) with sampling rate at 30 kHz and 1 Hz, respectively.
Motor unit and force data analysis. The intramuscular EMG data was bandpass filtered at 100 -8,000 Hz using a fourth-order recursive Butterworth filter in Matlab (version 2010b, Mathworks, Natick, MA). Single motor units were analyzed visually and identified based upon individual shape, amplitude, and discharge frequency in Spike2. The recruitment threshold and initial firing rate at recruitment for each individual motor unit were analyzed. Recruitment threshold for each motor unit was defined as the force of the first spike of four consecutive spikes normalized to MVC (50, 54) . Initial firing rate at recruitment was calculated as the average of the first three interspike intervals converted into hertz (Fig. 1 ). The force data was notch filtered at 60 Hz using a fourth-order recursive Butterworth filter in Matlab (version 2010b, Mathworks) and the DC offset was removed.
Statistical analysis. All statistical analysis was performed in R, using RStudio (version 3.2.2) (38), using the lmerTest (25), lme4 (2), and nlme (37) packages. The ␣ level of significance was set a priori at P Ͻ 0.05. Linear mixed models with an unstructured variance covariance structure and Tukey post hoc tests were used to evaluate the effect of muscle (VM and VMO), sex (male and female), and hip position (no hip rotation and 30 hip lateral rotation) on initial firing rate and recruitment threshold during the SLR. Mixed effects models were used because multiple motor units from an individual are statistically correlated (49) and mixed models account for this corre-lation. In the linear mixed models, the first level was single motor unit. Single motor units were nested according to each subject to form the second level, which was defined as the subject level. Muscle and hip position were the predictor variables for the motor unit level, while sex was the predictor variable for the subject level. There were three implied cross-level interactions, one 3-way interaction among muscle, hip position, and sex, and two 2-way interactions between muscle and sex, and hip position and sex. The absolute force at which a single motor unit was recruited was used as a covariate for initial firing rate due to the correlation between recruitment threshold and initial firing rate (31) . Because the firing patterns of single motor units are correlated within an individual participant, we assessed the intraclass correlation of initial firing rates at the subject level in the mixed model. We checked the assumption of normality of residuals and ensured that the linearity and equal variance within each level were not violated. The linear mixed model equation for initial firing rate were written as follows.
The level 1 equation was:
The level 2 equations were:
The majority of the single motor units, 531 of 654 motor units, were recruited within the lower force level of 25% MVC. The natural logarithm transformation was used on the raw recruitment threshold data to meet the assumptions of normality of residuals and constant variance within each level. Further statistical analysis for recruitment threshold was performed on the transformed data, and the mixed model equations were written as below. To help the interpretation of the findings, the recruitment threshold data presented in the figures were exponentiated back to the original units as the percentage of the MVC. We did not use the averaged absolute force as a covariate because of the clear mathematical relation.
Recruitment threshold ij ϭ ␤ 0j ϩ ␤ 1j Muscle ij ϩ ␤ 2j Hip position ij ϩ ␤ 3j Muscle ϫ Hip position ϩ e tij
The differences in the absolute MVC force were tested by a two-way repeated-measures ANOVA (with 1 between factor of sex and 1 within factor of hip position) and Bonferroni post hoc tests.
RESULTS

Motor unit recordings.
A total of 654 motor units were recorded from the 26 participants. The distributions of the number and percentage of single motor units between the levels of each predictor variable are shown in Table 1 .
Initial motor unit firing rate at recruitment. The subjectlevel intraclass correlation was 0.23, showing that initial motor unit firing rates were mildly correlated within individuals. and VMO were higher in women (9.64 Ϯ 0.40 Hz) than in men (8.46 Ϯ 0.39 Hz) [t(28) ϭ 2.10, P ϭ 0.045; Fig. 2, left] .
Initial (Fig. 2, right) . A trend for an interaction effect between muscle and hip position was observed for possible effect on initial firing rate [F(1, 629) ϭ 3.17, P ϭ 0.08] (Fig. 3) . (Fig. 4, left) . Higher recruitment thresholds were observed during lateral hip rotation than during no hip rotation [t(639) ϭ Ϫ2.97, P Ͻ 0.01], with results averaged over the levels of sex and muscle. Motor units in both muscles were activated at lower forces during no hip rotation (11.48 Ϯ 1.21%MVC) than during lateral hip rotation (15.22 Ϯ 1.21% MVC) (Fig. 4, right) . There was a borderline interaction effect between sex and hip position [F(1, 633) ϭ 3.70, P ϭ 0.0547] (Fig. 5) .
Absolute MVC force. There was a significant interaction effect between sex and hip position on the absolute MVC force (F ϭ 6.948; P ϭ 0.01). Men exhibited a significantly higher absolute MVC force in SLR with neutral hip rotation than SLR with lateral hip rotation (P Ͻ 0.05). They also showed a significantly higher mean absolute MVC force than female participants in both neutral (P Ͻ 0.05; men 147. 48 (Fig. 6) . However, women did not demonstrate different absolute MVC forces between hip positions (P Ͼ 0.05).
DISCUSSION
The primary goal of the study was to examine if control of the VMO and VM are neurologically distinct during the performance of different exercises. We examined how lateral hip rotation during a SLR affects selective activation of the VMO and VM between sexes. The results of this study confirm clinical theory that healthy individuals recruit motor units within the VMO at an earlier force level compared with motor units within the VM, indicating that the VMO serves as an initial stabilizer of the patella. Female subjects fire motor units in the vastus medialis complex at a faster rate than male subjects after controlling the force. Neutral hip rotation allows motor units to be recruited earlier and to fire at higher rates than lateral hip rotation.
To our knowledge, this is the first study to evaluate differential performance of the VM and VMO in clinical exercise protocols. Numerous studies have endeavored to find the best exercise protocols to properly activate the VMO and generate medially vectored forces on the patella in relation to the VL (10, 13, 15, 24, 26, 41, 45) . Although these studies appear to be based on the assumption of the different functions of the VM and VMO, none provided evidence regarding whether partic- of the femoral shaft, while the fibers of the VMO align more obliquely from 40°to nearly horizontally at the most distal portion (51) . The force vectors caused by shortening of the muscle fibers with such divergent orientation contribute to dissimilar patella movements. Evoked VMO contractions pull the patella medially, and the stimulation of the VM guides the patella in a more proximal direction (27) . The changing fiber orientation in the vastus medialis complex affects its peak muscle activation area measured by a surface EMG grid in different knee flexion angles (18) . The peak amplitude of surface EMG exhibited was higher in the VM than in the VMO during isometric knee extension (18) . The summation of current scientific evidence indicates that different subsections of the vastus medialis complex are both mechanically, functionally, and neurologically distinct.
Spinal reflex activity of the vastus medialis complex also differs depending on the location of the stimulus applied (17) . Regional stretch reflexes are more distal in response to a distal stimulus, suggesting that drive from the spinal cord also differentially recruits motor neurons in the VM and VMO (17). Cabral et al. (9) have previously shown that motor unit discharge patterns derived from the VM and the VMO are similar within their respective region, but functionally less correlated when the two regions are pooled. In the present study, VMO motor units were recruited earlier than VM motor units at low force levels. The differential recruitment pattern between the VM and VMO may be related to biological differences in the distribution of input resistance of the motor units, or it may be due to a modulation in the nervous system to control movement (18, 48) . These results also provide evidence of their distinct chronological functions: the VMO pulls the patella medially in advance of the VM to counteract the lateral force of the VL for patellar alignment.
A trend toward earlier VMO motor unit recruitment was also observed in a seated knee extension task (50) . This may not have reached statistical significance because the magnitude and direction of patella translation produced by the contraction of the VMO and VM differs with knee flexion angle (27) . In the full knee extension position, the patella shifts medially when the VMO is activated, and the patella glides mainly to the proximal direction when the VM is triggered. With increasing knee flexion angle, there is a decrease in the amount of patella medial translation generated by the VMO compared with the full knee extension position, whereas during knee flexion there is a large medial shift of the patella produced by the VM compared with the fully extended leg position (27) . Thus the SLR may be a preferable position to differentiate the early recruitment of the VMO compared with the 90°knee flexion.
In the present study, motor unit recruitment thresholds were lower in the neutral hip positon. The finding that motor units are recruited earlier in the neutral position also supports previous work examining the interference patterns of fine-wire EMG in the VMO during hip rotation (10). Cerny (10) reported greater VMO activation with a neutral hip position than during lateral hip rotation in terminal knee extension and isometric holding. They also monitored the distal part of adductor magnus activity concurrently with the VMO and reported that it was neither contributing to hip lateral rotation nor facilitating the VMO activation (10) . Others have suggested that lateral hip rotation facilitates VMO activity (19, 22) because the origin of the VMO attaches to the adductor magnus (5). However, recent anatomic studies have found that the longitudinal aspect of the medial adductor magnus, the ischiocondylar portion adjacent to the VMO and inserting on the adductor tubercle of the medial epicondyle of the femur (7), is innervated by the tibial division of the sciatic nerve (L4, 5, S1, 2, 3) (1). This is different from the innervation of the VMO, which is innervated by the medial branch from the posterior division of the femoral nerve (L1, 2, 3) (51). The ischiocondylar portion of the adductor magnus mainly serves to extend the hip (7), and may not contribute to lateral rotation of the hip.
While moving the knee joint in the sagittal plane, the nervous system may respond to the displacement force applied on the patella by adjusting motor unit activity in the surrounding musculature. When performing a SLR, lateral hip rotation can reduce the knee extension torque required to maintain full knee extension. This requires less VMO activation than a neutral hip position (24) . However, more activities of daily life occur with the hip in a neutral position in sagittal plane movements, such as walking, running, and biking. Performing the SLR with neutral hip rotation may generate a more effectively controlled VMO muscle contraction that relates to everyday activity.
Our data show that VM and VMO motor units in female participants exhibit significantly higher initial firing rates at recruitment than in male participants, despite standardizing data collection to the late follicular phase, when women are most similar to men (50) . This suggests that sex is indeed a contributing factor for the differences in rate-coding of the vastus medialis complex. The statistically significant 1.18 Hz difference in motor unit firing rates observed between the sexes can contribute substantially to changes in muscle force (34) and is considered to be physiologically meaningful (50, 53) . Female subjects exhibit greater proportion of slow twitch fibers and less fast twitch fibers in the VL than male subjects (30, 42) . It is possible that differences in motor unit discharge patterns in the VM and VMO reflect differences in motor unit type distributions between the sexes.
The borderline interaction between sex and hip position for recruitment threshold suggests that the female motor units predominantly drove the difference in recruitment thresholds between the two hip positions. Females activate motor units in vastus medialis complex earlier in neutral hip position than in lateral hip rotation, whereas male subjects recruit their motor units at a relatively similar force level for both positions. Thus dissimilar control of the vastus medialis complex in two hip positions during targeted quadriceps strengthening exercise may potentially be more beneficial for female subjects. These sex differences may also be related to the finding that women managed to reach similar absolute force levels of MVC force for both hip positions, yet men had a much lower MVC force in the lateral hip rotation compared with neutral hip rotation.
The VMO accounted for the majority of the difference in initial firing rate at recruitment between the two hip positions. A faster initial firing rate occurred in neutral rotation compared with lateral rotation. Thus SLR with neutral hip rotation is more beneficial for targeting the initial activation of the VMO. Other studies reported that populations of single motor units within a muscle, including the first dorsal interosseous, deltoid, and biceps, can be recruited preferentially for particular movements according to the force direction (12, 20) . The preferential recruitment of the VMO when performing a SLR with no hip rotation indicates that regional motor neuron inputs may modulate differential activation of the subregions of the vastus medialis complex.
Future studies are necessary to evaluate other clinical exercise protocols that have been advocated to preferentially activate the VMO for individuals with knee pathology. This will promote more tailored and effective VMO strengthening strategies for both sexes. In summary, we have demonstrated that the VMO motor units are recruited earlier at lower force levels compared with the VM motor units. Women fire their VM and VMO motor units at faster rates at recruitment than men. The SLR with neutral hip rotation is a more effective hip position for strengthening the VMO in healthy individuals.
